This study was designed to examine the hypothesis that higher intake of dietary fiber is inversely related to the risk of cardiovascular disease (CVD) and myocardial infarction (MI) in a large prospective cohort of women. BACKGROUND Although dietary fiber has been suggested to reduce the risk of coronary disease, few prospective studies have examined the association between the types and amounts of dietary fiber and CVD risk, particularly among women.
Dietary fiber refers to a variety of plant-based non-starch polysaccharides and lignins that are resistant to human digestion. Evidence from several epidemiologic studies suggests a strong inverse association between intake of dietary fiber and risk of coronary disease, with high intake associated with 20% to 40% reductions in risk (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Experimental studies demonstrate that increased intake of dietary fiber reduces plasma cholesterol. However, a meta-analysis
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of 67 trials involving 2,990 participants indicates that 1 g of soluble fiber lowers low-density lipoprotein (LDL) cholesterol by 2.2 mg/dl. This effect was observed mainly among dyslipidemic patients for intakes two to three times the general recommended daily intake (20 to 25 g) (11) . Such a modest effect on serum cholesterol cannot account for the substantial reductions in coronary risk observed in epidemiologic studies. Moreover, in the only randomized intervention study designed to examine whether increased intake of dietary fiber reduces the risk of myocardial infarction (MI) (12) , patients with existing coronary heart disease advised to increase fiber intake did not have lower reinfarction rates over a two-year follow-up period.
Different types or sources of dietary fiber may vary in their physiologic effects. For example, soluble fiber may be primarily responsible for the cholesterol-lowering effect of dietary fiber (11) , and insoluble fiber may reduce risk by slowing intestinal absorption of foods or by reducing clotting factors (13) . However, a comprehensive evaluation of the effects of different types of fiber has not been conducted in most previous studies. To examine the hypothesis that a greater intake of dietary fiber reduces risk of cardiovascular disease (CVD) or MI, we used prospective data from the Women's Health Study (WHS) over a six-year period to assess the relationship between total dietary fiber, soluble and insoluble fiber, and fiber sources on risk of CVD or MI.
METHODS
Study population. The WHS is a randomized, doubleblind, placebo-controlled trial designed to evaluate the balance of benefits and risks of low-dose aspirin and vitamin E in the primary prevention of CVD and cancer among 39,876 female health professionals who were without heart disease, stroke or cancer (other than non-melanoma skin cancer) at baseline. Detailed information on diet was provided by 39,310 (99%) of the randomized participants, who completed a semi-quantitative food frequency questionnaire (SFFQ) at baseline in 1993 (14) . We further excluded those subjects with more than 70 blanks in their SFFQ and with energy intake Ͻ2,514 kJ (600 kcal) or Ͼ14,665 kJ (3,500 kcal), leaving a final sample of 38,480 (96%) for the current analysis. Assessment of dietary fiber intake. A validated 131-item SFFQ was administered to all participants. For each food, a standard unit or portion size was specified, and participants were asked how often, on average, during the previous year they had consumed that amount. Nine responses were possible, ranging from "never" to "six or more times per day." In addition to the structured questions on food intake, participants also reported the specific brands and types of cold breakfast cereals they commonly used. Dietary fiber intake was computed by multiplying the frequency of consumption of each food item by the fiber content of the specific portions, accounting for the type and brand of breakfast cereal. The dietary fiber content of foods was obtained from the Harvard Food Composition Database, which is derived from US Department of Agriculture sources (15) and from manufacturers using the Association of Official Analytical Chemists' method (16 -18) . We adjusted fiber intake for total energy intake using the residual method (19) . In populations of nurses and health professionals, this SFFQ has demonstrated reasonably good validity as a measure of long-term average dietary intakes (20 -22) . The Pearson correlation coefficient between total dietary fiber assessed by SFFQ and diet records was 0.60 (10) . Outcomes. The primary end point for this analysis was incident CVD, which included MI, stroke, percutaneous transluminal coronary angioplasty, coronary artery bypass graft (CABG) and fatal CVD that occurred during the six-year period between the return of the 1993 questionnaire and March 31, 2000. Diagnoses were confirmed by a committee of cardiologists and one neurologist. For MI, we used criteria proposed by the World Health Organization: symptoms plus either typical electrocardiographic changes or elevation of cardiac enzymes (23) . A diagnosis of stroke was made if the patient had a new neurologic deficit lasting more than 24 h, computed tomography or magnetic resonance imaging scans were available in the majority of cases. Reported percutaneous transluminal coronary angioplasty or CABG was confirmed by hospital records. Cardiovascular deaths were confirmed through medical records, autopsy reports and death certificates. Mortality follow-up was virtually 100% complete. Data analysis. Each participant accumulated follow-up time beginning at baseline and ending in the month of diagnosis of a CVD end point or censoring (death from causes other than CVD, percutaneous transluminal coronary angioplasty or CABG, or March 2000, whichever came first). We considered dietary fiber intake as both a continuous variable (g/day) and a categorical variable (in quintiles). We calculated incidence rates of CVD for five categories of dietary fiber intake at baseline by dividing the number of incident cases by the person-years of follow-up. The rate ratio was then calculated by dividing the rate among women in each specific intake quintile by the rate among women in the lowest quintile of intake (reference). We used Cox proportional-hazards models to estimate the rate ratios (described as relative risks, RRs) and 95% confidence interval (CI) of developing CVD, adjusting for age (in years); smoking; exercise; alcohol intake; use of postmenopausal hormones; body mass index (BMI, kg/m 2 ); use of multivitamin or vitamin C supplements; history of hypertension, high cholesterol or diabetes mellitus; parental history of MI before age 60; dietary variables including total energy intake and randomized assignments. Tests of linear trend across increasing quintiles of dietary fiber intake were conducted by assigning the medians of intakes in quintiles (servings/day) treated as a continuous variable.
RESULTS
At baseline, women with higher dietary fiber intake were older, were less likely to be current smokers and were more likely to exercise, use postmenopausal hormones, use supplements of multivitamins or vitamin C or have a history of high cholesterol than women with low dietary fiber intake. High fiber intake was also associated with a lower BMI ( Table 1) . History of diabetes, history of hypertension and parental history of MI before age 60 did not differ significantly across quintiles of intake.
There was an approximately 1.5-fold difference in total dietary fiber intake between the highest and lowest quintiles of the study population (median: 26.3 g/day in the highest quintile vs. 18.2 g/day in the lowest quintile) ( Table 1) .
Abbreviations and Acronyms
BMI ϭ body mass index CABG ϭ coronary artery bypass graft CI ϭ confidence interval CVD ϭ cardiovascular disease FFQ ϭ food frequency questionnaire MI ϭ myocardial infarction RR ϭ relative risk or rate ratio (hazard ratio) SFFQ ϭ semiquantitative food frequency questionnaire WHS ϭ Women's Health Study Women in the highest quintile of dietary fiber had a lower intake of total and saturated fats and a lower dietary glycemic index (a measure of carbohydrate quality), but a higher intake of dietary protein, carbohydrate and folate than women who consumed less fiber. Table 2 describes the correlations between different types and sources of dietary fiber. All the fiber fractions were correlated with each other, and a particularly strong correlation was observed for soluble and insoluble fibers (r ϭ 0.80, p Ͻ 0.001) ( Table 2 ). In general, dietary fiber intake was positively associated with intake of whole-grain products but inversely associated with intake of refined-grain products.
During an average of six years of follow-up (230,006 person-years), 570 incident cases of CVD were confirmed. A significantly smaller number of CVD cases occurred in the highest quintile of intake than in the lowest quintile of intake (99 cases vs. 140 cases) ( Table 3 ). The age and randomized treatment-adjusted RR of CVD was 0.65 (95% CI: 0.51, 0.84; p for linear trend ϭ 0.001) comparing the highest and lowest quintiles. In multivariate models, smok- Mean age (SD, years) 52 (6) † 53 (7) 54 (7) 55 (7) 56 (8 We further examined the relations of specific types of fiber with risk of CVD or MI. Overall, insoluble fiber and its subfractions (lignin and cellulose) were more strongly associated with a reduced risk of CVD or MI than was soluble fiber. The multivariate RRs comparing two extreme quintiles of insoluble fiber intake were 0.78 (0.57 to 1.06) for CVD risk (Table 3 ) and 0.74 (0.42 to 1.30) for MI risk (Table 4) . However, neither of these inverse trends was statistically significant at the conventional p ϭ 0.05 level.
Diabetes, hypertension, hypercholesterolemia and other high-risk conditions for CVD such as obesity and cigarette smoking may lead to changes in dietary fiber intake and may thus bias the association between dietary fiber intake and CVD risk (14, 24, 25) . To better control for information bias and confounding, we examined the association between dietary fiber intake and CVD risk in three subgroups of the cohort: 1) participants who reported no history of hypertension, hypercholesterolemia or diabetes at baseline;
2) those with BMI Ͻ25 and 3) never smokers. Overall, the inverse association between dietary fiber intake and CVD risk became stronger in these subgroups, and statistically significant for women who never smoked or who had a BMI Ͻ25 (Table 5) .
DISCUSSION
In this six-year prospective cohort of female health professionals Ն45 years, we found a modest but not statistically significant inverse association between intake of dietary fiber intake and risk of CVD. This inverse association appeared to be stronger for MI than for overall CVD, and was also stronger among those who were not overweight or who were never smokers. Dietary fiber and coronary heart disease. These results are generally consistent with those of other studies evaluating the association between dietary fiber intake and risk of coronary heart disease (1-10). Several of these studies found an approximate 10% to 30% reduction in risk associated with an increment of 10 g/day of intake. In the Health Professionals Follow-up Study, with 734 cases of MI among 43,757 men followed for six years, a 19% reduction in MI risk associated with a 10 g increase in dietary fiber intake was observed (7). In the Nurses' Health Study, Wolk et al. (10) followed 68,782 women for 10 years and found an identical relative risk of 0.81, but with much narrower 95% confidence interval. In the Alpha-Tocopherol, BetaCarotene Cancer Prevention Study, Pietinen and colleagues followed 21,930 male Finnish smokers for six years and reported a significant reduction in both coronary morbidity and mortality associated with increased intake of dietary fiber (8) . In all three of those studies, a stronger association was observed between cereal fiber and CHD risk than between vegetable or fruit fiber and CHD risk. We observed a similar inverse association between total dietary fiber intake and CVD risk, but did not observe an inverse trend for cereal fibers (Table 3) . However, cautions need to be (10) 1.0 0.54 Refined/whole grain ratio (11) 1.0 *Fruit was defined as a composite score of all the fruit items in the questionnaire, including apple, pear, orange, grapefruit, peach, banana, strawberry, blueberry, cantaloupe, raisin, prune and fruit juices. Vegetable was defined as a composite score of all the vegetable items, including cruiferous vegetables, dark yellow vegetables, tomatoes, green leafy vegetables, legumes, and other vegetables such as corn, mixed vegetables, celery, eggplant, mushroom and beet. †Whole grain includes dark bread, whole-grain breakfast cereal, popcorn, cooked oatmeal, wheat germ, brown rice, bran and other grains (e.g., bulgar, kasha, couscous). Breakfast cereal with Ն25% whole grain or bran content by weight was classified as whole grain.
exercised when interpreting results for types of fiber, given the high correlation between types of dietary fibers. Moreover, the composition data regarding types of fiber are sparse and vary from different sources because the methodology used to characterize various fiber fractions remains to be standardized. Alternative explanations. Although our results, and those of other observational studies, may indicate a true benefit from high intake of dietary fiber, they may also be explained by other heart-healthy lifestyle and dietary factors associated with a greater intake of dietary fiber. After adjusting for multiple CVD risk factors and dietary variables such as intake of total energy and total fat, most inverse trends in the current study still remained, although they were no longer statistically significant at the conventional p ϭ 0.05 levels. Excluding participants who were overweight or ever smoked, which allows for better control of residual confounding, generally revealed a stronger inverse association between dietary fiber intake and CVD risk in this cohort. However, these estimates had wider 95% CIs, reflecting a loss of statistical power in these subgroup analyses. Misclassification of dietary fiber intake could have led to an underestimation of the association between dietary fiber intake and CVD risk in this study. During a six-year *CVD defined as incidence of death due to cardiovascular disease, nonfatal myocardial infarction (MI), stroke, percutaneous transluminal coronary angioplasty (PTCA), or coronary artery bypass graft (CABG). †Multivariate model adjusted for age, randomized treatment assignment, smoking status, exercise, alcohol intake, use of postmenopausal hormone, body mass index, use of multivitamin supplements, history of hypertension, history of high cholesterol, history of diabetes, parental history of MI before age 60, dietary folate, total fat, protein, and total energy intake. CI ϭ confidence interval.
53
follow-up period, both the participants' diets and the composition of food may have changed, leading to errors in assessing long-term dietary exposure of interest. Therefore, it is possible that the approximately 20% reduction in risk associated with high intake of dietary fiber that we observed may be a conservative estimate. Because changes in diet over time are usually a mix of true variation and measurement error, even perfect measures of intake at any particular point in time can be conceptualized as an imperfect measure of the true long-term average dietary exposure of interest. Thus, multiple measures of diet over time are important to reduce measurement error and to better capture the temporal relationship between dietary fiber intake and CVD risk.
With the exception of the Nurses' Health Study, however, all studies that have related a high intake of dietary fiber to lower risk of coronary disease included only a single measurement of diet. Even so, a remarkably consistent inverse relation has been shown among published studies (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) .
As shown in Figure 1 , a pooled analysis of these published studies reveals a RR of 0.83 (95% CI 0.78 -0.89) associated with 10-g increased in dietary intake. Nevertheless, publication bias is a concern, as it is possible that negative findings from other cohort studies may not have been reported. Aside from chance and biases, another explanation is that other characteristics of fiber-containing foods, rather than fiber itself, may be responsible for this inverse association. In the Iowa Women's Health Study, Jacobs et al. (26) dem- Multivariate model adjusted for all the covariates described in Table 3 . CI ϭ confidence interval; MI ϭ myocardial infarction.
onstrated a significant inverse relationship between wholegrain intake and death from ischemic heart disease, independent of dietary fiber. The age-and energy-adjusted relative risk of mortality from ischemic heart disease was 0.60 (95% CI: 0.45 to 0.81) for women in the highest quintile of whole-grain intake (median 22.5 servings per week) compared with those in the lowest quintile (median 1.5 servings per week) (26) . In the Nurses' Health Study, an increase in whole-grain intake of two servings/day was associated with a 25% lower risk of CHD independent of dietary fiber intake (9).
Potential mechanisms. Proposed mechanisms for the biological actions of dietary fiber include increasing fecal excretion of cholesterol and decreasing hepatic cholesterol synthesis (27, 28) , although the cholesterol-lowering effect of fiber appears modest (11); increasing satiety (29) and insulin sensitivity (30) and lowering plasminogen activator inhibitor type 1 (31) and factor VII coagulation activity (13) . Dietary fiber has also been shown to reduce glycemic response and circulating insulin concentrations in healthy adults (32) , as well as in patients with hypercholesterolemia (30) or diabetes (33, 34) . Delaying carbohydrate absorption Multivariate model adjusted for all the covariates described in Table 1 . *CVD defined as incidence of death due to cardiovascular disease, nonfatal myocardial infarction, stroke, percutaneous transluminal coronary angioplasty, or coronary artery bypass graft. BMI ϭ body mass index; CI ϭ confidence interval. Figure 1 . The study by Kromhout et al. (2) was excluded in the pooled analysis because information on 95% confidence interval for relative risk cannot be calculated on the basis of the published report.
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Dietary Fiber and Cardiovascular Disease may be one mechanism for improvement in insulin sensitivity associated with greater intake of dietary fiber (35) . Conclusions. In this cohort of apparently healthy middleaged women, higher intake of dietary fiber was associated with a lower risk of CVD and MI, although the association appeared to be attenuated and was not statistically significant after further adjusting for multiple confounding factors. However, the modest number of end points, especially for MI, limited our ability to assess the potential beneficial effects of dietary fiber independent of other healthy lifestyle factors. Nevertheless, these findings generally support current dietary recommendations to increase the consumption of fiber-rich whole grains and fruits and vegetables as a primary preventive measure against CVD.
